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ABSTRACT 

TENSILE  PROPERTIED  OP  PORTLAND  CEDENT  CONCRETE  WITH 
ALKALI   RESISTANT  GLASS  FIBER  REINFORCEMENT 

by 

JOHN  ANDREWS  STAMM 


Submitted  to  the  Departments  of  Ocean  Engineering  and  Civil  Engineering 
on  January  23,  197k,  in  partial  fulfillment  of  the  requirements  for  the 
degrees  of  Master  of  Science  in  Ocean  Engineering  and  Master  of  Science 
in  Civil  Engineering. 


Successful  development  in  the  U.S.  and  abroad  of  an  alkali-resistant 
glass  fiber  has  given  impetus  to  the  study  of  the  material  as  a  rein- 
forcement for  Portland  cement  paste,  mortar,  and  concrete.   This  report 
qualitatively  evaluates  some  of  the  factors  affecting  the  engineering 
performance  of  fiberglass-reinforced  Portland  cement  mortar  and  suggests 
the  direction  future  studies  might  take. 

Laboratory  tests  were  undertaken  to  evaluate  the  effects  of  varied 
mortar  or  matrix  composition,  physical  orientation  of  the  glass  fibers 
due  to  forming  or  compacting  of  composite  samples,  and  the  effect  of 
orientation  relative  to  loading  direction  of  individual  fiberglass  yarns 
within  the  matrix. 

The  orientation  of  a  given  number  of  fibers  in  the  matrix  material 
was  found  to  be  of  more  significance  in  determining  engineering  perfor- 
mance than  were  small  variations  in  matrix  composition.   It  was  indicated 
that  mold  configuration  and  compaction  methods  affected  this  orientation. 

The  mechanics  of  individual  fiberglass  yarn  failure  are  shown  to  be 
far  more  complex  than  those  of  steel  fibers  and  thus  not  conducive  to 
the  same  mathematical  analysis.  Yarns  may  fail  in  various  pull-out 
and/or  breaking  modes  which  are  controlled  both  by  yarn  orientation  and 
matrix  properties. 

Recommendations  made  concerning  future  experimental  work  with  this 
material  are  directed  toward  better  understanding  of  the  fiber  perfor- 
mance and  development  of  predictable  properties  for  design. 
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CI I  AFTER  I 
INTRODUCTION 

Fiber  reinforcement  of  building  materials  is  an  old  concept  that  is 
being  advanced  through  the  use  of  modern  technology  and  the  application 
of  new  and  often  exotic  materials.   This  study  attempts  to  develop 
qualitative  unders  Landing  of  x.he  behavior  of  glass-fiber  reinforcement 
in  a  very  common  matrix  material:   Portland  cement  concrete. 
1.1  Historical  Background 

Fiber  reinforcement  of  construction  materials  can  be  traced  to 
such  humble  beginnings  as  the  straw-clay  mixture  used  in  adobe  brick  or, 
theoretically,  even  to  the  natural  fiber-matrix  network  in  sod  blocks 
used  by  the  most  primitive  peoples  for  shelter  construction.  With  the 
relatively  low  cost  and  wide-spread  use  of  concrete  as  a  building  mater- 
ial, it  is  only  natural  to  assume  fiber  reinforcement  would  have  been 
considered  long  ago.  Such  is  the  case;  patents  have  been  granted  to 
Berard  (lb7U),  Graham  (1911),  and  Kleinlogel  (1920)  for  various 
applications  of  steel-fiber  reinforcement  to  concrete  (12). 

The  desire  to  improve  certain  engineering  properties  or  to  reduce 
construction  costs  has  been  the  impetus  for  development  of  fiber  rein- 
forcement for  concrete.   Fibers  have  been  suggested  as  a  means  of 
improving  the  tensile  strength,  ductility,  impact  resistance,  and 
resistance  to  thermal  or  flexural  cracking  (U,  9,  17,  18,  21).  The  use 
of  fibers  to  replace  conventional  reinforcement  has  been  considered  as  a 
means  of  reducing  labor  costs  for  construction  (23). 
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Significant  experimental  effort  has  taken  place  in  steel-fiber 
reinforcement  ol'  bulk  concrete  in  applications  such  as  pavements,  where 
crack  arrest  and  impact  resistance  are  desirable  or  i'or  military  appli- 
cations where  blast  resistance  is  required  (9,  10,  11,  19,  20).   A 
second  area  of  interest  has  been  in  the  use  of  asbestos  and,  more 
recently,  glass  fibers  in  the  manufacture  of  low-cost,  two-dimensional 
materials  in  sheet  or  pipe  form  (21,  23).   These  are  factory-produced 
materials  as  opposed  to  a  construction  component  fabricated  on  the 
building  site. 
1.2  Previous  Work 
1.2.1  Steel  fibers 

A  logical  beginning  to  the  modern  interest  in  steel-fiber  rein- 
forcement might  be  attributed  to  the  work  by  Nervi  in  ferro -cement.  The 
step  from  conventional  reinforcement  to  ferro -cement  concepts  is  a  logi- 
cal predecessor  to  the  work  by  Romualdi  (lli)  on  closely-spaced  wire 
reinforcement.  Romualdi  then  followed  with  extensions  of  these  theories 
to  random  steel-fiber  reinforcement  (15)  and  crack  arrest  concepts  of 
steel  fiber  (lb).   This  has  been  followed  by  investigation  of  various 
aspects  of  random  wire  reinforcement  and  attempts  to  mathematically  model 
the  material's  performance.  Research  in  this  area  has  progressed  to  ohe 
point  where  a  steel-fiber  reinforced  concrete  is  commercially  available 
and  significant  full-scale  projects  have  been  completed  using  the 
material  (9,  10,  20). 

To  date,  the  limitation  on  strength  development  in  steel-fiber 
reinforced  concrete  has  been  the  inability  of  the  matrix  to  develop  the 
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full  tensile  strength  of  the  fiber  (10).   This  is  because  fiber  length 
is  limited  by  its  ability  to  be  incorporated  into  the  matrix  without 
balling  or  knitting  together.  Various  cross  sectional  shapes  of  fiber 
have  been  tested  in  an  effort  to  improve  the  steel-matrix  bond 
including  square,  rectangular,  and  recently  a  fiber  with  alternating 
round  and  square  sections  (y).   Additionally,  work  has  been  done  with 
three-dimensional  fiber  configurations  (12). 
1.2.2  fiberglass  Reinforcement 

Cement  asbestos  has  been  successfully  used  for  some  time  in  sheet 
or  pipe  form  by  the  construction  industry.  When  it  was  found  that 
exposure  to  the  manufacture  or  use  of  asbestos  was  hazardous  to  the 
workers'  health,  a  replacement  fiber  was  needed  (23).  Fiberglass  pre- 
sents an  attractive  potential  replacement,  although  a  basic  problem 
exists.   Commercially  available  glass  fiber  is  chemically  attacked  by 
the  alkalinity  of  Portland  cement  (8,  10,  22).   Three  approaches  have 
initially  been  taken  to  the  solution  of  this  problem.  Attempts  were  made 
to  develop  durable  and  impermeable  coatings  for  the  yarns  which  would  pro- 
tect the  glass  from  the  surrounding  medium.   This  met  with  only  limited 
success,  particularly  in  cases  where  mixing  or  handling  of  the  mixed 
material  was  required.  Another  approach,  taken  by  researchers  in  the 
USSR,  was  to  use  a  gypsum,  high-alumina  cement  matrix  which  apparently 
had  little  adverse  effect  on  the  glass  fibers  for  periods  of  up  to  two 
years  (8).  While  this  approach  was  effective,  it  was  not  economically 
attractive  in  Western  Europe  or  the  United  States  where  most  of  the 
cement  manufactured  is  of  the  Portland  type.   This  led  the  British 
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Building  Research  Station  to  undertake  research  leading  to  a  glass  which 
was  alkali  resistant  (21),  an  approach  also  followed  in  bhe  United  estates, 
The  British  product  is  now  commercially  available  under  ohe  trade  name 
Gem-FIL,  manufactured  by  Fibreglass,  Ltd.,  a  subsidiary  o!  Filkington 
Brothers.   In  the  United  States,  an  alkali-resistant  glass  fiber  has 
been  developed  by  Owens  Corning  Fiberglass  which  they  market  in  a  pre- 
mix  (dry J  fiber-reinforced  mortar  form.  This  fiber  was  the  material 
used  in  the  following  experimental  work. 
1.3  Future  Interest 

1.3.1  Material  Developments 

With  the  development  of  an  alkali-resistant  glass  fiber,  the  ma.ior 
hurdle  in  the  use  of  glass  reinforcement  in  Portland  cement  products  was 
cleared.  Work  with  E-glass  in  a  cement  paste  or  mortar  matrix  had  indi- 
cated good  material  performance  if  the  glass  degradation  problem  could 
be  overcome  (b). 

Various  methods  have  been  considered  for  incorporating  the  glass 
fiber  into  a  finished  material.   In  the  fabrication  of  thin,  two-dimen- 
sional products,  use  of  spray  techniques,  vacuum  molds,  and  alternating- 
matrix  chopped  mat  sandwiches  have  been  successfully  used  (2,  8,  21). 
Sheet  made  up  using  these  techniques  may  then  be  formed  into  curved  or 
cylindrical  shapes  prior  to  initial  setting. 

1.3.2  Applications 

Much  of  the  interest  in  a  two-dimensional  composite  of  fiberglass 
and  cement  mortar  is  in  its  application  to  light-weight,  durable,  and 
inexpensive  building  materials.  A  material  to  be  used  for  non-removeable 
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forms  for  ordinary  reinforced  concrete  has  good  potential  as  a  means  of 
reducing  labor  costs  and  possibly  material  costs  in  building  construc- 
tion. Application  of  the  material  to  factory  prefabricated  building 
partitions  is  attractive  because  of  reduced  weight  over  other  systems, 
high-quality  finish  possible,  and  good  fire-resistant  properties  (1C). 

Generally,  fiber  reinforcing  has  potential  application  where 
durability,  fatigue  resistance,  or  resistance  to  dynamic  loading  are 
desired.   The  fibers'  ability  to  act  as  crack  arrestors  and  to  impart  a 
more  ductile  failure  mode  to  concrete  are  the  major  factors  of  interest. 

In  addition  to  building  applications,  there  is  interest  in  fiber- 
reinforcea  concrete  for  marine  use  (20).  Hopefully,  fibers  can  provide 
crack  arrest  and  impact  resistance  that  would  improve  the  durability  of 
concrete  in  the  splash  zone.  Also,  the  ability  to  form  the  material  to 
various  curved  shapes  points  to  the  possibility  of  using  it  alone  or  in 
ferro-cement  in  ships,  other  hull-like  structures,  or  storage  tanks. 
1.3.3  This  Study 

The  work  which  follows  is  an  initial  examination  of  some  of  the 
properties  which  will  affect  the  use  of  fiberglass-reinforced  mortar  as 
a  building  material.   All  work  was  done  on  the  premise  that  the  glass 
fiber  was  truly  alkali  resistant.  No  attempt  w.ns  made  to  evaluate  time 
effects  on  the  finished  composite.   The  experimental  work  described  here 
was  an  attempt  to  qualitatively  illustrate  some  of  the  basic  mechanisms 
of  fiberglass-cement-mortar  composite  behavior.  No  attempt  was  made, 
however,  to  evaluate  how  this  behavior  might  be  affected  by  various 
manufacturing  techniques. 
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CHAPTEK  II 
EXPERIMENTAL  PROCEDURE 

The  experimental  program  for  this  work  consisted  of  three  basic 
phases.   The  first  utilized  tensile  specimens  to  evaluate  the  sensi- 
tivity of  the  material  to  changes  in  various  factors  of  composition 
such  as  water-cement  ratio,  sand-cement  ratio,  and  fiber  content. 
Secondly,  tensile  specimens  of  varying  geometry  and  method  of  molding 
were  used  to  evaluate  causes  and  effects  of  fiber  orientation  within 
the  specimen.  Finally,  a  series  of  specimens  were  tested  to  simulate 
the  action  of  a  single  yarn  of  fibers  being  pulled  from  the  mortar  matrix, 
II. 1  The  Matrix 

11. 1.1  Composition 

The  mortar  used  in  all  phases  of  this  procedure  was  made  from  Type 
III,  high-early-strength,  Portland  cement  and,  except  where  specifically 
noted,  that  portion  of  a  standard  graded  sand  (fineness  modulus  of  2.88) 
passing  a  #8  seive.  The  selection  of  this  sand  was  arbitrary.  As  a  base 
mortar  having  a  water-cement  ratio  of  0.6  and  a  sand-cement  ratio  of  1.0 
was  used.   These  ratios  and  the  maximum  and  minimum  grain  size  of  the 
sand  were  separately  varied  in  Phase  One  of  the  tests.   The  base  mortar 
was  used  exclusively  in  the  second  and  third  phases. 

11. 1.2  Mixing 

Mixing  was  accomplished  using  a  commercial  type  food-mixer  having  a 
bucket  capacity  of  approximately  5  gallons.   The  agitator  consisted  of 
a  deformed  hoop  rotating  to  sweep  the  entire  volume  and  wetted  interior 
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surface  of  the  bucket.   The  mixing  sequence  consisted  of  mixing  the  dry 
sand  and  cement  for  approximately  two  minutes,  adding  all  of  the  re- 
quired water,  ensuring  that  the  solids  were  completely  incorporated  in 
the  mix,  and  then  mixing  at  low  speed  for  two  minutes. 

11. 2  Glass  Fiber 

Glass  fiber  used  throughout  these  experiments  was  alkali-resistant, 
chopped  yarn  manufactured  by  Owens  Corning  Fiberglass.   All  specimens 
tested  used  yarns  of  1  inch  in  length.   Preliminary  experiments  had 
indicated  that  yarns  embedded  ^  inch  or  less  would  virtually  all  pull 
from  the  mortar,  whereas  embedded  lengths  of  over  -|  inch  tended  to  break 
the  yarn.   Since  yarn  length  was  not  a  desired  variable,  the  1  inch  length 
was  chosen  and  used  throughout. 

The  base  for  all  specimens  was  the  standard  mortar  mix  to  which  was 
added  fiberglass  in  the  amount  of  3%   by  weight  of  the  sand  and  cement. 
The  glass  content  was  varied  in  Phase  One  and  Two.   Fibers  were  sprinkled 
in  the  wet  mortar  mix  while  the  mixer  ran,  then  mixed  for  two  minutes 
after  all  had  been  added. 

11. 3  Test  Specimens 

II. 3.1  Three-Dimensional  Specimens 

Samples  which  will  henceforth  be  referred  to  as  three  dimensional, 
or  3D,  were  made  in  a  plexiglas  mold,  as  designed  by  Naaman  (13)*  having 
a  cross  section  as  shown  in  Figure  1,  Appendix  A,  and  a  length  (perpen- 
dicular to  the  cross  section)  of  about  l\   inches.   These  samples  were 
subsequently  cut  with  a  diamond  saw  into  three,  two-inch-thick  specimens 
for  testing  in  Phase  One  or  eight  0.55-inch-thick  specimens  for  Phase  Two. 
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For  Phase  One,  all  samples  were  made  by  filling  the  mold  from  the  top 
with  the  axis  of  loading  vertical.   For  Phase  Two,  alternate  samples 
were  made  with  the  axis  first  vertical  and  then  horizontal  by  filling 
from  the  end. 

The  3D  molds  were  filled  using  a  funnel  of  sufficient  capacity  to 
contain  the  entire  charge  of  mortar.   The  mold  and  funnel  containing 
the  mortar  mix  were  vibrated  externally  to  cause  the  mortar  to  flow  into 
the  mold.  No  rodding  or  internal  vibrating  of  the  mixture  was  used. 
The  time  of  vibration  varied  with  the  specific  mix  (1  to  3  minutes)  but 
was  continued  until  the  mold  had  been  satisfactorily  filled  and  appeared 
reasonably  free  of  voids. 

11. 3. 2  Two-Dimensional  Specimens 

The  2D  specimens  shown  in  Figure  3,  Appendix  A,  were  made  in  a 
sub-divided,  five-section  mold  so  that  each  specimen  was  cast  separately; 
thickness  was  maintained  uniform  by  screeding  over  the  complete  mold. 
Each  section  was  individually  filled  with  mortar  near  the  mid-section, 
then  a  combination  of  rolling  and  external  vibrating  was  used  to  spread 
the  mortar  throughout  the  mold.   In  most  cases,  considerable  working  of 
the  mortar  was  required  to  fill  the  molds  uniformly. 

11. 3. 3  Yarn  Pull-Out  Specimens 

Specimens  for  these  tests  were  made  using  the  standard  mortar  mix 
in  one -half  of  a  standard.  ASIM  briquette  mold  while  using  a  styrofoam 
sandwich  in  the  other  half  to  locate  and  expose  a  measured  length  of  a 
single  fiberglass  yarn  to  embedment.   A  cardboard-epoxy  gripping  sur- 
face was  attached  to  the  free  end  of  the  yarn  before  casting  in  the 
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mortar,  as  illustrated  in  Figure  5>  Appendix  A.   Testing  was  accomplished 
using  the   upper  half  of  a  standard  briquette  .law  attached  to  the  load 
cell  of  the  testing  machine  with  a  gripper  /jaw  attached  to  the  moveable 
cross  head  as  shown  in  Figure  6,  Appendix  A.   Specimens  were  made  using 
both  the  basic  mortar  mix  and  mortar  to  which  3%   by  weipht  of  ^-inch-long 
glass  yarns  had  been  added.   The  shorter  fibers  were  used  to  simulate  the 
consistancy  and  structure  of  the  fiber  mix  while  being  compatible  with 
the  smaller  mold  being  used.   Samples  were  made  for  l/U,  3/&,    1/2,  and 
3/h   inch  embedment  with  the  fibers  parallel  to  the  direction  of  loading 
(0  =  0° )   and  for  -|-inch  embedment  with  the  yarn  at  30°,  h$° ,    and  00° 
(0  ■  30°,  U5°,   or  60°)  to  the  direction  of  loading.  Additionally, 
single  yarn  samples  were  tested  to  breaking  in  simple  tension. 
II. h     Testing 

Following  casting,  all  specimens  were  stored  at  75°F  and  100$ 
relative  humidity.   Samples  were  removed  from  their  molds  within  twenty- 
four  hours  of  casting  and  cutting,  where  necessary,  was  done  on  the  fifth 
or  sixth  day.  All  testing  was  done  on  the  seventh  day  after  casting. 

Specimens  were  tested  on  an  Instron  testing  machine  using  a  cross- 
head  speed  of  0.05  inches  per  minute  and  a  recording-chart  speed  of  2 
inches  per  minute.   Tests  in  Phases  One  and  Two  were  made  using  the  oen- 
thousand-pound-capacity-load  cell  with  full-scale  reading  of  500  or  1000 
pounds.   Pull-out  tests  were  made  with  the  50-pound-capacity-load  cell 
and  a.  full-scale  reading  of  5  pounds. 

The  Instron  machine  produces  directly  a  load-versus-elongaticn  plot 
for  each  sample.   Because  the  recorded  elongation  is  that  of  the  whole 
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system  and  not  only  the  sample,  it  has  no  absolute  significance  but  is 
used  here  in  a  comparative  manner. 
II. 5  Additional  Experiments 

In  addition  to  the  primary  testing,  three  experiments  to  provide 
supplemental  information  were  performed.   First,  a  sample  of  1000,  one- 
inch-long  yarns  was  weighed,  heated  to  1000°F  for  2\   hours,  and  then 
re-weighed  to  determine  the  weight  loss  due  to  burnoff  of  any  coatings 
or  sizing  on  the  yarn.  With  the  actual  weight  of  glass  thus  determined, 
a  theoretical  yarn,  cross-sectional  area  was  calculated.   These  calcula- 
tions are  summarized  in  Appendix  D. 

Second,  a  sample  of  yarns  was  weighed,  soaked  in  water,  towel-dried, 
re-weighed,  and  finally  oven-dried  and  weighed  again  to  determine  the 
water  absorption  capacity  of  the  fibers.   Calculations  are  summarized  in 
Appendix  D. 

Lastly,  samples  were  cut  from  typical  2D  and  3D  specimens  and  were 
then  polished  and  viewed  under  an  optical  microscope.   These  samples 
were  cut  to  allow  viewing  of  a  plane  perpendicular  to  the  axis  of  loading, 
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CH AFTER  III 

EXPERIMENTAL  RESULTS 

The  results  of  the  experimental  program  are  presented  in  this 
chapter  in  a  qualitative  form  giving  typical  curves  or,  where  appropriate, 
graphs  of  average  data.   Raw  data  and  calculations  from  all  tests  are 
tabulated  in  Appendix  h.      The  significance  and  limitations  of  the  results 
will  De  discussed  in  Chapter  IV. 
III.l  Qualitative  Evaluation  of  Experimental  Procedures 

111. 1.1  friixing  and  Casting 

Within  the  range  of  mixes,  fiber  contents  and  fiber  lengths  tested, 
the  mixing  procedure  used  was  satisfactory,,   There  was  no  tendency  for 
the  mixer  blade  to  collect  fibers  or  cause  segregation.  On  the  basis  of 
observation  during  mixing,  the  action  of  the  blade  rather  appeared  to 
break  up  lumps  of  yarn  and  cause  dispersion.   The  range  of  water-cement 
ratios  (w/c)  and  fiber  contents  examined  were  at  least  partially  dic- 
tated by  the  mixing  procedure.  A  lower  limit  of  about  O.kS  -   0.5  w/c 
with  3>%   by  weight  of  glass  or  an  upper  limit  of  about  $%   by  weight  with 
a  w/c  of  O.o  was  dictated  by  a  combination  of  mixability  with  the  given 
equipment  and  the  ability  to  form  satisfactory  samples  in  the  molds  used. 
The  casting  procedure  used  was  adequate  for  the  parameters  and  equipment 
being  used.   This  will  be  discussed  further  in  Chapter  IV. 

111. 1.2  Testing 

Tests  made  on  Phase  One  specimens  utilized  special  wedge-type  .laws 
designed  by  Naaman(13)  for  use  with  the  3D  molds.   Most  specimens  tested 
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with  this  apparatus  gave  satisfactory  results  in  that  breakage  occured 
in  the  gage  section  rather  than  at  the  neck  or  within  the  jaws. 

The  same  .iaws,  with  spacers  to  center  the  specimen,  were  used  where 
appropriate  in  Phase  Two.  One  case  of  suspect  data  occured  here,  how- 
ever:  All  Phase  Two  samples  made  of  mortar  without  fiber  failed  at  the 
upper  neck  along  a  circular  arc  in  the  wide  section  of  the  sample.   This 
was  probably  a  result  of  excessive  shrinkage  (w/c  of  O.b)  of  the  un- 
reinforced  mortar  in  a  mold  where  the  shape  would  cause  residual  tensile 
stresses.  Casting  these  samples  in  thinner  sections  and/or  in  the  hori- 
zontal rather  than  vertical  direction  might  correct  this  problem. 

The  2D  samples  were  tested  in  laws  with  serrated  faces,  with  four 
bolts  on  each  jaw  providing  the  clamping  force.  Again,  the  apparatus 
was  completely  satisfactory.  No  breakage  took  place  in  or  at  the  jaws 

and  examination  of  the  sample  faces  after  breaking  indicated  no  slippage 

) 
of  the  jaws  on  the  sample. 

The  test  apparatus  described  previously  for  the  Pull -Out  test 
performed  as  intended,  although  some  limitations  of  the  test  procedure 
will  be  discussed  in  Chapter  IV. 
III. 2  Results  of  Phase-One  Tests 

Graphic  representations  of  the  results  of  Phase  One  tests  are  shown 
in  Figures  1  through  h,   Appendix  C.   The  primary  value  of  these  tests, 
however,  lies  in  the  qualitative  conclusions  regarding  workability  and 
the  effect  the  variables  may  have  on  workability.   Because  of  the  inher- 
ent scatter  of  the  results,  the  limited  number  of  samples,  and  the 
uncertainty  as  to  how  workability  (as  reflected  in  void  percentage  and 
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density)  ai'fecbs  strength  and  energy  absorption,  the  test  values  cannot 
be  assumed  reliable  either  absolutely  or  on  a  relative  basis. 
III. 3  Results  of  fhase-Two  Jests 

The  results  of  the  Phase  Two  bests  are  summarized  graphically  in 
Figure  5,  Appendix  C,  in  the  form  of  comparative,  typical  load-elongatnon 
curves  for  the  four  types  of  specimens.   Figures  6  and  7,  Appendix  G, 
compare  strength  and  toughness  with  fiber  orientation.   The  horizontal 
scale  on  this  graph,  relative  fiber  orientation,  is  at  best  a  qualitative 
description  of  a  physical  property.  Chapter  IV  will  further  discuss 
these  results  and  their  significance. 
III.U  Results  of  mil-Out  Tests 

Results  of  the  Pull-Out  tests  are  illustrated  in  Figures  8  through 

12,  Appendix  C,  as  comparative  load-elongation  curves  and  as  behavior 

i 

versus  embedded  length  and  versus  angle  relative  to  loading.   The  con- 
sistancy  of  these  results,  together  with  the  number  of  specimens  tested, 
indicate  this  data  accurately  represents  the  conditions.  Several  limita- 
tions to  this  test  will  be  discussed  in  Chapter  IV. 
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CHAPIER  IV 
DISCUSSION  OF  RESULTS 

To  understand  the  significance  of  the  test  results,  a  prior 
understanding  oi"  the  reinforcing  action  of  the  fiber  is  necessary. 
Considerable  work  has  been  done  by  others  in  the  study  of  steel  fiber 
reinforcement,.   Some  basic  and  significant  differences  exist,  however, 
in  the  performance  oT  steel  fibers  as  compared  to  fiberglass  yarns. 
Evaluation  and  discussion  of  the  debonding  experiments  along  with  a 
consideration  of  the  test  limitations  will  lead  to  an  understanding  of 
the  significance  of  the  .Phase  One  and  Two  experiments. 
IV. 1  full-Out  Experiments 

IV. 1.1  Test  Applicability 

I 

The  tests  used  to  examine  yarn  pull-out  strength  were  carefully 
made  to  measure  the  bond  strength  of  a  single  yarn,   ihe  only  desired 
variables  were  embedded  length  and  relative  angle  bo  loading.   These 
tests  were  very  similar  to  chose  used  by  Naaman  (13)  for  steel  fibers. 
The  test  results  indicate  that,  with  a  one-inch  fiberglass  yarn,  the 
expected  length  of  embedment  would  be  \   inch  or  less.  Results  of  the 
tests  with  plain  mortar  indicate  that  most  yarns  should  oe  pulled  from 
the  cracked  surface.  Actually,  however,  the  fracture  surfaces  of  all 
test  specimens  reveal  few  yarns  pulled  out  intact,  and  even  fewer  of 
as  much  as  ^  inch  in  length. 

The  primary  weakness  in  the  experimental  method  lies  in  the 
undisturbed  condition  of  the  yarn  tested.  Yarns  incorporated  in 
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tensile  specimens  i'or  Phases  One  and  Two  undergo  significant  de  format  ions 
in  mixing  and  cashing.   Samples  cut  from  typical  2D  and  3D  specimens 
and  examined  under  the  optical  microscope  inoicate  that  the  majority 
of  yarns  are  not  intact,  but  are  in  groups  of  individual  fibers  separ- 
ated by  from  one-  to  four-  or  five-fiber  diameters,   ihe  space  between 
these  fibers  is  subsequently  filled  with  a  "matrix"  which  may  or  may  not 
resemble  the  basic  mortar.  Since  this  will  increase  the  exposed  sur- 
face area  of  glass  by  a  factor  of  approximately  lb,   compared  lo  the 
debonding  of  the  entire  yarn  as  a  unit,  the  critical  pull-out  length 
will  obviously  decrease.   Undisturbed  fibers,  such  as  those  used  in 
the  Pull-Out  Tests,  might  accurately  compare  to  yarns  used  in  spray, 
built-up  composites  such  as  those  tested  by  Allen  (2;  and  Grimar  (b), 
but  provide  only  qualitative  comparative  information  with  regard  to 
bulk-mixed  materials. 

The  same  tests  made  with  a  mortar  containing  yarns  in  the  same 
amount  as  the  tensile  specimens  indicate  a  reduceO  critical  pull-out 
length  as  well  as  a  reduced  maximum  tensile  stress  on  the  yarn,   it  must 
be  kept  in  mind,  however,  that  in  the  actual  case  of  a  tensile  specimen 
at  failure,  the  yarns  in  the  area  of  the  yarn  being  examined  at  the 
crack  tip  would  also  be  stressed.  While  the  exact  mechanism  governing 
interaction  between  fibers  at  the  crack  tip  is  not  understood,  it  is 
likely  that  stresses  in  adjacent  fibers  would  have  an  effect, 
IV. 1.2  Test  Results 

Evaluation  of  the  results  of  tests  with  yarns  at  various  angles  to 
the  direction  of  loading  indicates  that  the  crack  surface  forms  a  stress 
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riser  probably  in  the  form  of  a  cutting  edge  that  reduces  the  maximum 
tension  a  yarn  may  sustain  and  causes  breakage  rather  than  pull  out  of 
the  yarn.   This  is  in  disagreement  with  the  results  for  steel  fibers 
found  by  Naaman  (13)  where  the  angled  crack  surface  formed  a  pulley 
effect  causing  an  increased  level  of  pull-out  energy  after  first 
cracking  of  the  matrix. 

Of  major  significance  in  evaluating  yarn  performance  is  the  variety 
of  modes  possible  for  yarn  failure.   The  fact  that  yarns  may  be  embedded 
intact  or  with  fibers  dispersed  has  been  mentioned.  Yarns  examined 
following  the  rull-Out  Tests  show  clearly  that  an  intact  yarn  may  split 
with  any  portion  of  the  fibers  breaking  off  while  the  remainder  pull  out. 
Those  pulling  out  may  be  in  contact  with  other  fibers  or  the  surrounding 
matrix  surface.   Unless  these  various  modes  can  be  adequately  evaluated, 
predicting  the  performance  of  the  fiberglass  as  reinforcement  is  unlikely. 

In  their  work  with  steel  fiber  reinforcement,  Romualdi  (15?  1°)> 
Naaman  (13),  and  Abolitz  (1)  assumed  a  uniform  or  probabilistic  dis- 
tribution and  orientation  of  the  fibers  in  the  matrix.  With  this  as  a 
basis,  account  was  taken  of  the  effect  of  relative  orientation  to  loading 
by  applying  a  factor  between  0.33  and  O.Ul  to  estimate  the  portion  of 
the  total  fibers  which  effectively  resist  the  applied  stress.   This  is 
possible  because  the  steel  wire  is  uniform  and  in  all  cases  fails  by 
pulling  from  the  mortar.   Since  this  is  a  basic  assumption  made  in  the 
derivation  of  the  mathematical  models  for  steel  fibers  and,  further, 
since  it  cannot  be  applied  to  glass  yarn  behavior,  the  direct  application 
of  these  models  to  glass  yarn  reinforcement  is  not  valid. 
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IV. 2   Phase  One  Experiments 

The  results  of  the  Phase  One  experiments  are  in  themselves 
inconclusive.   When  these  are  compared  with  Phase  Two,  it  may  be  hypoth- 
esized that,  within  the  limits  investigated,  fiber  orientation  and 
mixing  are  far  more  significant  in  the  composite  behavior  than  small 
variations  in  matrix  composition.   Conversely,  unless  each  facet  of  the 
matrix  behavior  is  understood,  the  difference  between  changes  having  no 
effect  and  having  two  or  more  compensating  effects  with  no  net  change 
cannot  be  evaluated.   More  specifically,  such  changes  as  removing  the 
fine  portion  of  the  sand,  increasing  the  maximum  grain  size,  decreasing 
the  sand-cement  ratio  (s/c),  or  increasing  the  water-cement  ratio  (w/c) 
all  increase  the  workability  of  the  mortar-fiber  mix.   This  increase  in 
workability  or  fluidity  of  the  mortar  could  be  theorized  to  improve  the 
bond  with  the  yarn  by  insuring  that  the  fibers  are  more  thoroughly  sur- 
rounded by  matrix.   Conversely,  it  is  known  that  an  increased  water- 
cement  ratio  will  start  to  weaken  a  given  mix  beyond  an  optimum  point. 
Reducing  the  percentage  of  fines  in  the  sand  may  also  result  in  voids 
or  segregation  of  the  mortar,  particularly  within  the  yarns  where  small 
spaces  would  be  filled  with  cement  paste,  water,  or  remain  empty.   These 
factors  could  have  a  distinct  detrimental  effect  on  yarn  matrix  bond 
strength  which  might  mask  or  negate  any  benefits  of  improved  workability. 
In  his  work  with  steel  fibers,  Romualdi  (15)  recognized  that  the  water- 
cement  ratio  was  critical,  but  was  primarily  concerned  with  the  behavior 
of  the  fibers  while  mixing  and  compensated  by  adjusting  the  water  content 
to  achieve  some  desired  workability. 
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IV . 3  Phase  Two  Experiments 

In  the  Phase  Two  experiments,  an  attempt  was  made  to  minimize  the 
effects  of  all  variables  with  the  exception  of  fiber  orientation  caused 
by  mixing,  molding,  or  vibrating  a  material  of  given  composition. 
Specimens  were  cut  where  necessary  so  that  all  cross  sections  were  a 
nominal  2  inches  by  \   inch  to  eliminate  variable  sample  geometry. 

As  mentioned  previously,  Romualdi  (15)  and  Naaman  (13)  assumed 
a  random  orientation  of  steel  fibers  in  their  analysis  and  attempted 
to  evaluate  fiber  effectiveness  on  that  basis.  A  30  -  h0%   effective- 
ness was  calculated.   Edgington  and  Hannant  (7)  suggested  that  mold 
walls,  a  free  surface,  or  external  vibration  tend  to  orient  the  fibers, 
making  the  assumed  random  distribution  suspect.   Their  experimental 
work  was  limited  to  giving  qualitative  evidence  of  their  theory  regard- 
ing the  effects  of  vibration.   They  assumed  that  external  vibration 
would  tend  to  orient  fibers  into  a  plane  or  planes  perpendicular  to 
the  direction  of  vibration.  Thus,  in  the  case  of  a  vibrating  table, 
fibers  would  tend  toward  a  plane  parallel  to  the  table  top.  Their  evi- 
dence consisted  of  fiber-reinforced  cubes  cast  and  vibrated  on  such  a 
table,  then  split  in  the  directions  of  the  three  normal  planes.   The 
results  indicated  a  reduced  relative  strength  when  split  perpendicular 
to  the  direction  of  vibrating. 

In  the  current  work,  an  effort  was  made  to  evaluate  this  theory 
using  the  3D  molds.   Samples  were  made  from  the  same  mortar-fiber  mix, 
filling  molds  from  the  top  in  one  case  and  from  the  side  with  the  mold 
rotated  90  in  the  other.   The  first  case  should  theoretically  result 
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in  fibers  oriented  in  planes  perpendicular  to  the  axis  oi*  subsequent 
loading,  while  the  second  case  would  result  in  a  planar  arrangement 
parallel  to  the  loading  direction,  simulating  a  2D  specimen.   Concur- 
rent with  making  these  samples,  2D  samples  were  made  from  the  same  mix 
to  serve  as  a  measure  of  comparison. 

Several  differences  in  test  procedures  should  be  noted  at  this 
point.   Edgin^ton's  work  utilized  molds  having  a  smallest  dimension  of 
3  to  8  times  the  length  of  the  fibers  used.   Also,  the  molds  were  filled 
from  the  direction  of  this  least  dimension  which  would  minimize  side 
wall  effects.   The  present  work  used  molds  (3D)  having  a  least  dimension 
of  twice  the  fiber  length  with  filling  from  the  direction  of  the  largest 
dimension.  It  must,  be  assumed  that  the  side  wall  effects  were  thus 
significant  and  also  possibly  counter  to  the  effects  of  vibration. 

The  fibers  used  in  this  study  were  comparaole  in  aspect  ratio  to 
those  used  by  Edgington,  the  glass  aspect  ratio  being  ^0  versus  50  and 
100  for  the  steel.  A  significant  difference  exists  in  the  specific 
gravities,  however,  with  the  glass  only  about  2.5  while  the  steel  is 
approximately  7.b.   The  vertical  force  acting  on  fibers  during  vibra- 
tion would  therefore  be  more  significant  with  the  steel  than  with  glass. 

Results  of  the  Phase  Two  tests,  nevertheless,  consistantly  indicate 
both  increased  tensile  strength  and  toughness  for  the  samples  cast  hori- 
zontally over  those  cast  vertically.   Further  increases  in  strength  are 
noted  in  the  case  of  the  2D  samples.   The  2D  samples  may  only  be  quali- 
tatively compared  with  the  3D  specimens,  however,  since  their  size  and 
the  method  of  casting  assure  a  high  degree  of  orientation. 
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Microscopic  examination  of  samples  cut  from  3D  (vertical)  and  2D 
specimens  provide  qualitative  supuort  for  these  results.   In  the  3D 
sample,  a  significant  number  of  fibers  are  seen  to  be  in  or  near  the 
cutting  plane  (perpendicular  to  the  axis  of  loading)  while  very  few 
normal  cross  sections  are  visible.   The  2D  sample  on  the  other  hand 
exhibits  a  ma  ^ority  of  fibers  cut  close  to  right  angles  with  very  few 
at  a  large  angle  to  the  axis  of  loading. 
IV . h     Summary 

The  results  of  the  various  tests  conducted  indicate  that  the 
behavior  of  fiberglass-reinforced  concrete  or  mortar  will  generally 
follow  that  of  wire-reinforced  concrete.   It  has  also  been  shown,  how- 
ever, that  the  mathematical  analysis  that  has  been  developed  for  steel 
fibers  probably  does  not  apply  to  glass  yarns.  Of  ma^or  significance 
among  these  results  are  the  factors  indicating  oehavior  that  is  unique 
to  glass  yarns  and  suggesting  the  complexity  of  their  strengthening 
mechanisms.  The  indication  is  that  fiberglass-reinforced  concrete  will 
not  become  an  all-encompassing  construction  material,  but  will  have  to 
be  carefully  designed  in  each  case  to  develop  the  required  combination 
of  strength  and  toughness. 
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CHAPTEH.  V 
CONCLUSIONS  AND  HECOMMENDATIONS 

V.l  Conclusions 

1)  The  most  significant  factor  affecting  the  tensile  strength  of 
concrete-glass-fiber  composites  is  fiber  allignment.  This  property  is 
basically  a  factor  relating  the  amount  of  fiber  alligned  to  effectively 
resist  the  applied  load  to  the  total  fiber  content.   For  a  given  fiber 
content,  the  allignment  is  affected  by  the  relative  size  and  shape  of 
the  mold  used,  the  aspect  ratio  of  the  fiber,  the  method  of  placing  the 
mixture  in  the  mold,  and  the  methods  used  for  distributing  and  compacting 
the  mixture. 

2)  The  performance  of  the  glass  fibers  after  initial  cracking  of 
the  matrix  controls  the  engineering  properties  of  the  composite.  The 
combination  of  fiber  pull  out  and  fiber  breakage  achieved  at  the  crack 
surface  will  determine  the  relative  strength  and  toughness  of  the  mater- 
ial.  An  increased  amount  of  fiber  breakage  will  generally  relate  to 
increased  tensile  strength  while  toughness  is  proportional  to  the  amount 
of  fiber  pull  out. 

3)  Fiberglass  yarns  will  fail  by  breaking  either  at  the  crack 
surface  or  within  the  surrounding  mortar,  pulling  intact  from  the  matrix 
or  splitting,  which  results  in  some  fibers  breaking  and  some  pulling 
out.  The  failure  mode  is  a  function  of  bond  strength  which  is  controlled 
by  fiber  and  matrix  properties.   The  significant  fiber  properties  are 
length,  ultimate  tensile  strength  of  yarn  and  the  individual  fibers, 
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and  the  final  configuration  of  the  yarn,  i.e.  the  amount  of  separation 
between  individual  fibers  and  degree  of  influx  of  matrix.   The  strength 
and  ability  to  surround  the  fibers  (a  combination  of  fluidity  and  grain 
size)  are  the  significant  properties  of  the  matrix. 

k)      The  mathematical  analysis  that  has  been  done  for  steel  fibers 
in  a  concrete  matrix  has  as  its  basis  the  assumption  that  all  fibers 
will  pull  out  and  none  will  be  stressed  to  failure  in  tension.   Because 
the  failure  mode  of  the  fiberglass  yarns  is  much  more  complex,  involving 
both  pull  out  and  breakage  as  well  as  glass-matrix  bond,  glass-glass 
friction,  and  variable  yam  cross  sections,  the  analysis  of  steel  fibers 
cannot  be  applied  directly. 
V.2  Recommendations 

1)  Rather  than  attempting  to  apply  previously  developed  theories 
to  the  analysis  of  glass-fiber  reinforcement,  effort  should  be  made 
toward  developing  empirical  solutions  which  would  allow  rational 
performance  predictions.   Testing  with  emphasis  on  isolating  as  much 
as  possible  the  individual  variables,  sufficient  data  to  minimize  un- 
certainty due  to  inherent  scatter  and  test  inaccuracy,  and  a  co-ordinated 
program  of  microscopic  examination  of  the  samples  should  be  undertaken. 

2)  In  order  to  apply  the  analytical  results  to  a  practical 
construction  material,  a  parallel  effort  should  be  made  to  determine 
mix  properties  and  fabricating  techniques  that  will  allow  predictable 
design  and  reasonable  reproducibility  of  engineering  properties. 
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APPEIvIDIX  A 

ILLUSTRATION  OF  TEST  SPECIMENS  AND  APPARATUS 


Figure  1  3D  Tensile  Specimen 

Figure  2  3D  Test  Apparatus 

Figure  3  2D  Tensile  Specimen 

Figure  h  2D  Tensile  ^est  Apparatus 

Figure  $  Pull -Out  Test  Specimen 

Figure  o  Pull-Out  Test  Apparatus 
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FIG.  2   3D  TEST  APPARATUS 
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APPENDIX  B 
TABULATION  OP  TEST  RESULTS 

Phase  One  Experiments 

Phase  Two  Experiments 

Pull-Out  Experiments  (Plain  Matrix) 

Pull -Out,  Experiments  (Piber  Eatrixj 


-36- 


co 
6 

0) 

PC 


o 

CM 

CO 

w 

a 

c 

a 

CO 


10 

CO 

Oh 

Ph 

CO 

•  H 

-3- 

CO 

•H 

CO 

=te 

fc 

.O 

=*fc 

=*fc 

=*fc 

CO 

CO 

CO 

CO 

co 

c 

CO 

CO 

c 

CO 

cd 

•H 

cd 

cti 

•H 

crt 

PL, 

0) 

a, 

Ph 

CD 

Ph 

X3 

Ad 

T3 

-d 

4d 

-d 

G 

o 

C 

c 

o 

C 

ctf 

h 

(ti 

cd 

*H 

cd 

CO 

FQ 

CO 

CO 

PQ 

CO 

CO 

Eh 

S 

p 

a. 

rH 

CO 

CM 

CM 

o 

o 

CO 

rH 

£N 

CO 

0\ 

W 

o 

CO 

ON 

CO 

CO 

CO 

CM 

o 

rH 

CM 

O- 

NO 

rH 

s 

p 

• 

• 

• 

• 

rH 

w 

vp» 

CO 

cm 

NO 

ts- 

rH 

£V 

NO 

NO 

O 

NO 

it 

C< 

■=}- 

XM 

IN 

vm 

00 

NO 

CM 

^ 

■3- 

o- 

CN- 

CM 

w 

Pm 

X 

w 

£  co 

3  co 

rH 

ON 

■3" 

o 

o 

vm 

NO 

o 

o 

o 

O 

O 

H 

£  a' 

• 

. 

• 

• 

S 

•H  £ 

CM 

cs 

00 

\o 

CM 

-d- 

CM 

CM 

VM 

rH 

^M 

CM 

o 

X-P 

■3- 

o 

vO 

ON 

-it 

T~l 

O 

-V 

CM 

NO 

VTA 

NO 

K*  CO 

cm 

-^ 

CM 

CM 

CM 

-=fr 

cm 

cm 

CM 

CM 

CM 

CM 

W 

S 

CO 

s 

P-. 

CO 

to 

+3 

•p 

■P 

-P 

p 

P 

-P 

p 

P 

P 

p 

p 

P 

-O 

5 

5 

> 

£ 

5 

£ 

£ 

£ 

£ 

£ 

£ 

£ 

£ 

>s 

>i 

>j 

>j 

>^ 

•           >> 

>i 

>i 

>i 

>s 

>> 

>> 

>i 

>S 

rQ 

r0 

P 

& 

.O 

rD 

& 

P 

rQ 

rO 

& 

rQ 

P 

rQ 

^ 

\& 

V*. 

«. 

\^ 

\& 

^ 

^ 

^ 

^ 

y& 

^ 

^ 

^. 

•H 

cm 

cm 

cm 

CM 

cm 

cm 

cm 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

Ptn 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

XM 

VA 

VM 

\ 

CO 

rH 

vi 

rH 

rH 

rH 

rH 

T^ 

rH 

rH 

r-l 

r~f 

rH 

rH 

rH 

o 


NO 


NO  NO  NO  NO 


NO  NO  NO 


NO  NO 


NO 


NO 


NO  NO 


0) 


Ph 

rH 

CM 

rH 

CM 

CM 

T~\ 

CM 

CM 

T-i 

CM 

CM 

rH 

C\J 

CM 

£ 

r-t 

rH 

CM 

CM 

CM 

CM 

CM 

CM 

^f 

-3- 

-3" 

NO 

NO 

NO 

-37- 


10 

u 
cd 
6 

0) 

on 


CO 

=tfc 

to 

CO 
cd 

c 

cd 

(7) 


ex) 
to 

10 

cd 
(^ 

cd 

GO 


10 

S 

cd 

►"3 

to 

00 

00 

£ 

=tte 

:*~ 

C 

cd 

•H 

>"D 

m 

CO 

to 

10 

(3.1 

C 

cd 

cd 

c 

•■-I 

fx, 

f^ 

•H 

^ 

CD 

•o 

T3 

o 

y 

c 

C 

CD 

O 

cd 

cd 

£< 

H 

oo 

00 

O 

PQ 

oo 

En 

S 

p 

On 

tH 

CM 

-3" 

cc 

CM 

VM 

^h 

O- 

w 

o 

T-t 

t>- 

U~n 

vC 

CM 

r-i 

-3- 

VM 

CM 

s 

p 

• 

• 

• 

• 

» 

. 

• 

• 

• 

M 

w 

CM 

tH 

CK 

CM 

o\ 

vO 

CM 

cm 

VC 

C£ 

cm 

vO 

tH 

CM 

CM 

VA 

CM 

O- 

\r\ 

e 

X 

w 

E  to 

3  CO 

o 

o 

o 

O 

O 

O 

O 

O 

O 

o 

O 

w 

6   CD 

s 

•H   ^ 

vo 

On 

CN 

00 

-^ 

O 

o- 

On 

oo 

ON 

CM 

o 

XP 

CM 

00 

CM 

tH 

00 

tH 

o\ 

On 

rH 

00 

-3 

cdoo 

CM 

CV 

cm 

t-H 

tH 

CM 

tH 

tH 

*H 

C\J 

CM 

w 

S 

CO 

a. 

CO 

10 

P 

p 

p 

P 

P 

P 

p 

P 

P 

p 

P 

P 

cd 

£ 

£ 

z* 

£ 

*-> 

t» 

5 

5 

5 

«; 

£ 

£ 

WJ 

>s 

>> 

>> 

^*> 

>s 

>> 

>s 

>> 

>3 

>5 

>> 

>> 

CD 

JO 

rO 

£> 

rQ 

£> 

,G 

,o 

,Q 

rD 

£> 

rQ 

£> 

\& 

\£. 

^ 

^ 

^ 

\& 

^ 

^ 

\R 

y& 

^ 

\& 

•H 

cm 

CM 

CM 

CM 

CM 

CM 

cm 

CM 

CM 

CM 

CM 

CM 

fe 

cm 

CV 

CM 

vO 

vO 

VO 

cm 

CM 

CM 

oo 

CM 

CM 

CM 

vO 

vO 

vo 

^ 

-=}■ 

-=fr 

O 

O 

O 

tH 

■H 

r-i 

tH 

V-! 

r-i 

3= 


VO       vO 


vO 


vO        vO 


vO 


vO       VO 


VO 


^n 


VM       ^M 


CD 

H 

Ph 

r-i 

CM 

CM 

T-< 

CM 

CM 

tH 

CM 

CM 

6 

O- 

O- 

ts- 

CC 

CO 

00 

ON 

On 

ON 

cd 

00 

CM 


CM 
v-H 


-38- 


to 

co 

5 

X 

cd 

U 

1-3 

cd 

00 

CO 

CO 

6 

=*fc 

C 

=*fc 

=tfe 

Q) 

•H 

« 

CO 

en 

10 

co 

bo 

CO 

CO 

cd 

c 

cd 

cd 

px. 

•H 

ft 

ft 

T5 

O 

T3 

TJ 

c 

cd 

C 

C 

cd 

U 

cd 

cd 

CO 

o 

co 

CO 

00 

CO 

CO 

cd 

ft 

cd 

CO 


CO 

ft 

CO 

•H 

*te 

U 

o 

CO 

CO 

c 

cd 

•H 

ft 

CD 

T3 

X 

c 

O 

cd 

k 

CO 

pq 

CO 

Eh 


ft 

ft 
X 

w 
w 
o 

w 

CO 


HP 

On 

O 

o 

-P 

jq 

cv 

nO 

S  co 

2  CO 

o 

e  a; 

• 

H  k 

nQ 

XP 

rH 

edeo 

C^ 

00 


CO 


o 

oc 


NO 
NO 


00 


cv 

CO 


CO 


o~\ 


no 


CO 

no 


rH 

-3- 


V~N 


O 


-3" 


o 


VTA 


O 


o- 

Cn 

V-N, 

o 

en 

ON 

a- 

On 

Cvl 

Cn 

en 

o 

00 

oc 

rH 

en 

Cn 

CNi 

en 

CN] 

cv 

o- 


o- 

CM 


O 


On 


nC 


C\» 


en 


r>- 

o 

NO 

o 

CN- 

o- 

i-j 

CV 

OJ 

ft 


CO 

CO 

•p 

HP 

-p 

p 

-p 

•P 

•p 

-P 

-p 

-P 

-P 

-P 

cd 

5 

£ 

£ 

£ 

£ 

& 

£ 

5 

^ 

£ 

£ 

*--» 
*> 

H 

M 

>s 

>5 

t-1 

>>. 

>5 

>> 

>> 

>^ 

>> 

>S 

>5 

>~. 

CD 

rQ 

P 

rO 

,Q 

rQ 

P 

rO 

rO 

rO 

& 

£> 

,0 

^. 

\£. 

^ 

^ 

^ 

^ 

^ 

^ 

\& 

\& 

\& 

^ 

•H 

en 

en 

en 

en 

en 

en 

•3 

-3" 

-3" 

\r\ 

VA 

VP» 

r*n 

«£ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

O 

CO 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

H 

rH 

rH 

^ 

^ 


xn 


NO 


NO 


\D        vO 


NO 


NC  NO 


NO 


CO 

t-i 

ft 

rH 

CNJ 

cn 

rH 

CNJ 

o~-» 

rH 

CNJ 

C^N 

rH 

CN! 

<r\ 

6 

CM 

CN! 

CM 

cn 

cn 

cn 

-3- 

^3- 

^t 

VO 

VT\ 

VO, 

cd 

rH 

rH 

rH 

rH 

rH 

rH 

r— 1 

rH 

r — 1 

x-l 

T-( 

rH 

CO 

-39- 


o 

o 

O 

o 

xn 

en 

r^ 

r> 

=tfc 

=tfc 

=*fc 

=fe 

C 

C 

G 

C 

o 

o 

o 

o 

-d 

TJ 

-a 

13 

CD 

CD 

CD 

CD 

c 

C 

£ 

c 

•H 

•  H 

•  H 

•H 

co 

Crf 

crf 

Crf 

P 

P 

P 

P 

to 

<D 

0) 

a> 

0) 

X 

CC 

tti 

to 

a; 

PC 

u 

ft 

erf 

00 

00 

•  H 

co 

oo 

£ 

=*fc 

3fc 

£ 

=te 

=tfc 

o> 

o 

DC 

w 

to 

10 

CO 

CO 

w 

c 

10 

CO 

erf 

\     erf 

•H 

crf 

erf 

fX, 

PL, 

a> 

(X 

0* 

Td 

Ti 

A4 

Ti 

T3 

£ 

C 

O 

C 

C 

erf 

erf 

£ 

erf 

erf 

CO 

CO 

PQ 

CO 

CO 

o 
en 

o 

CD 
C 
•H 

CO 
P 

CD 

CC 

co 

CO 

a 

Ph 
T3 

erf 
c/> 


en 

Eh 


CC 

P-. 
X 

w 
w 
o 

w 

CO 


-p 

G 

p 


w 


£  CO 

e  a) 
xp 

crf  CO 


Cn 

O 

cn 

VTA 


O 


O 
-3* 


O 


vn 

00 

cn 
-3- 


co       on      cn 

NO         CM         CM 

cn      cn      cm 


NO 
vn 

-3- 


o 

o 

CO 

o 

00 

CO 
4± 

o 
CM 

o 
o 

o 
o 

o 

NO 

o 
-3- 

NO 

\0 

CC 
NO 

ON 

o 

00 

o 

M0 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 
cn 

.3- 

\o 

CM 

T-i 

00 

O-N 

On 
CM 

m 

CM 

o 
.3- 

t-I 

00 

cn 

NO 

cn 

On 

NO 

cn 

NO 

T-I 
Cn 

a. 


to 
to 
erf 

P 

-I-5 
£ 

P 
> 

P 

P 

P 

P 
> 

P 

5; 

p 

P 

■p 

P 

r  ( 

>> 

>> 
£> 

i^ 

rO 

P 

>. 
p 

>> 

CD 
•H 

cn 

cn 

Cn 

cn 

cn 

cn 

S 

s 

XA 

Ph 

>P 

O 

O 

O 

o 

o 

O 

o 

o 

o 

O 

o 

O 

GO 

T-H 

T~l 

T-I 

T-I 

rH 

vH 

tH 

v-l 

rH 

rH 

t-H 

rH 

^ 

& 


NO  NO  NO 


NO  NO 


NO 


NO  NO 


NO 


NO  NO  NO 


CD 
r-\ 
Ph 
G 
Crf 
CO 


h      n      n 

NO        no.        \0 

T-I  fH  tH 


rH 

CM 

r> 

T-I 

CN} 

en 

tH 

CM 

en 

O 

{>- 

!>- 

00 

CO 

CO 

ON 

ON 

ON 

H 

rH 

T-l 

1-4 

tH 

v-H 

T-I 

*H 

rH 

-JiO- 


Q 

0"N. 


w 

Q) 


a 
o 

•H 

P 

u 

> 

P 
CO 

O 


cti 
-p 
£ 
o 

tsl 
•H 

u 
o 

p 
to 

o 


p 

ON 

CM 

vH 

O- 

-3" 

o 

CM 

o 

co 

co 

(N- 

r-l 

O 

o- 

O 

\o 

-3- 

00 

On 

o 

vn 

(>- 

UN. 

o 

00 

o\ 

O 

O- 

CM 

P 

CO 

w 

Os 

cm 

tH 

CM 

tH 

C-- 

r-l 

\D 

o 

CM 

i-M 

tH 

00 

-3- 

&H 

t-H 

tH 

vH 

•<-l 

tH 

r-1 

tH 

tH 

CM 

T-i 

CM 

S 

w 

s 

M 

w 

£  ?n 

w 

2  w 

o 

o 

o 

O 

O 

o 

O 

O 

o 

O 

o 

O 

o 

o 

Ph 

6    Q! 

X 

•H   5h 

o\ 

IS- 

o 

\C 

On 

VN. 

CM 

C\J 

tN- 

CM 

^t 

^O 

{N- 

o 

w 

xp 

vr\ 

O- 

00 

CN- 

no 

-^ 

00 

CO 

CM 

ON 

nO 

On 

ON 

v>, 

ctfto 

CM 

CM 

en 

CM 

CM 

co 

CM 

CM 

CM 

CM 

CM 

co 

CO 

-^• 

o 

S 

^ 

Eh 

H 

CO 

CO 

Ph 

CO 

-P 

p 

-p 

-P 

p 

P1 

P> 

P> 

P> 

P 

P> 

P 

P 

p> 

£ 

<; 

£ 

£ 

> 

5 

^-» 

5 

£ 

£ 

£ 

5 

bfl 

>> 

>> 

>> 

>5 

>i 

>> 

>> 

>: 

>> 

>s 

>> 

>3 

>> 

>> 

& 

rQ 

^ 

,0 

,Q 

,o 

,£> 

^2 

,0 

^ 

P 

,o 

^ 

rQ 

^ 

\^ 

^ 

^ 

•^ 

\& 

^ 

\& 

\& 

\& 

^ 

^ 

^ 

"^ 

•  H 

r> 

cn 

ro 

CO 

co 

co 

CO 

co 

co 

co 

CO 

CO 

co 

CN 

Pt. 

CO 


o 


o 


o 


o 


o 


o 


o 


o 


o 


nOnOnOnovOnOMDnO 


VO        NO        NO        nC        vO        NO 


Q> 

r-t 

Ph 

tH 

CM 

c<-\ 

-3" 

VO 

NO 

c^- 

oo 

6 

o 

O 

O 

O 

O 

o 

o 

o 

CJ 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CM 


CM 

CN. 

-^j 

vn 

NO 

t-J 

tH 

T-t 

tH 

vH 

CM 

CM 

c^; 

CM 

CM 

-lll- 


Q 


Cd 

-P 

to 

c 

X 

o 

U 

to 

Cd 

•H 

e 

Jh 

G> 

O 

QC 

w 

■P 

w 

d 

o 

Q 

CM 


cd 
■p 

o 
to 

•H 

o 

-p 

w 
rd 
o 


Q 

cn 

i 

t-\ 

£ 

i> 

cd 

Oj 

cd 

o 

•-3 

h) 

•H 

P 

c 

G 

J-i 

•H 

•H 

a) 
> 

CD 

0) 

« 

JW 

■p 

O 

o 

ic 

U 

Sm 

rd 

m 

PQ 

O 

t/5 


•P 
o 

p 


w 


-3- 

C\l 


ON 

nO 


CM 


O- 

CM 


On 


cn 


ON 


CO 


CO 
CM 


ON        O 


Pi 

e 

CO 

o 

o 

w 

? 

(0 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

o 

a. 

e 

CD 

X 

•H 

00 

o 

o 

o 

CM 

NO 

00 

NO 

^ 

CM 

CM 

CN 

NO 

w 

X 

o 

0- 

.=*■ 

ON 

ON 

C^\ 

-•t 

VTN, 

tH 

(TN 

cs- 

en 

cd 

VT\ 

-3- 

-^ 

-Cf 

u^ 

u^ 

CM 

CM 

CM 

CM 

CM 

o 

§ 

S= 

E^ 

W 

C/} 

to 

<aj 

to 

-P 

p 

-p 

P> 

-P 

-p 

p 

■P 

•P 

p 

■P 

-P 

-P 

K 

cd 

£ 

£ 

£» 

£ 

£ 

£ 

£ 

5 

£ 

£ 

*-* 

£ 

£ 

Ps 

r-l 

M 

>> 

>> 

>> 

>s 

>> 

K*i 

>> 

>> 

>5 

>> 

>> 

>> 

>> 

^1 
CD 

& 

rO 

& 

,Q 

P 

^ 

rO 

& 

^ 

,Q 

& 

rQ 

& 

^ 

^ 

^ 

\& 

^ 

^ 

\& 

^ 

^ 

^ 

W 

V> 

\& 

•H 

rN. 

rN. 

C^ 

0^ 

r> 

rN 

C^N 

o 

o 

o 

o 

o 

o 

PL, 

to 


o 


o      o 


o      o 

tH  tH 


o 


O 


o 


o 


^ 

«: 


NO  NO 


NO  NO  NO  NO  NO 


NO  NO  NO  NO  NO  NO 


CD 


Ph 

(N- 

CO 

t-t 

CM 

rN 

-^ 

vn 

T-l 

CM 

m 

-3- 

vn, 

MO 

6 

*-H 

T-l 

CM 

CM 

CM 

CM 

CM 

cn 

CN, 

m 

C1^ 

0"N 

r> 

rt 

CM 

CM 

C\) 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

1/5 

•!42. 


Q 
en 


P 
en 


P 
en 


to 

01 

X 

o 

U 

•H 

cti 

P 

e 

£-. 

a> 

Q) 

cm 

> 

-P 

to 

Cj 

o 

05 
P> 

c 

o 

•H 
O 

P 
10 

o 


o 

•H 

-P 

CD 
> 

-P 

CO 

ctf 
o 


CO 

E-t 


P 
O 

P 


w 


vO 


■=}- 


00 

en 


CO 
vO 


00 


CM 
CM 


o 


vO 


cv 

CM 


CM 
On 


vO 
CM 


U^       CO 


o\ 


CM 


CM 

CO 


o 

On 


CM 

00 


en 


0-1 
X 


Eh 

W 
CO 


Oi 


.H  g 


o 


CM 
CM 


CM 


O 


o 


o 


o 


o      o 


Q 


O 


o 


tH 

vO 

o\ 

O- 

O 

en 

tH 

vO 

CO 

00 

*T\ 

-=J" 

CM 

O- 

O- 

00 

O- 

-»i 

en 

vn 

\o 

o 

CA 

(T\ 

CA 

CM 

en 

Cn 

--J- 

en 

CM 

T-f 

en 

to 
to 
cti 

rH 

hi) 

u 

P 

p 

-p 
5 

-P 

-P 

p> 

p> 

P 
5 

-P 

+3 

P- 

P 

P 

>5 

>> 

>5 

>> 

>> 

>> 

>5 

>> 

o 

o 

^ 

-=}" 

s 

3- 

^ 
-^ 

■3- 

■3" 

$ 

-3" 

$ 

CO 


o 

r-i 


o 

T-l 


o 


o 

vH 


o 


o 


vO        vO 


vOvOvOvOvOvOvOvO 


SO       vO       vO 


a; 


ft 

O- 

CO 

t-H 

CM 

en 

■3" 

vn 

vO 

O- 

00 

rH 

CM 

m 

6 

cn 

en 

■3- 

-3" 

-^ 

-=}- 

-3- 

-3- 

-i' 

-3" 

vn 

vn 

vn 

Rj 

CM 

C\i 

CM 

CM 

CM 

cv 

CM 

CM 

CM 

CM 

CM 

CM 

cv 

00 

-U3- 


to 
U 


Q 


ctf 
o 

•H 
-P 

> 

■P 

10 

ctf 
o 


Q 

CM 

•p 

1 

CO 

QJ 

H 

■P 

cd 

-p 

CD 

C 

J-l 

o 

o 

N 

Cm 

•  H 

0) 

W 

fit 

O 

X 

CD 

*J 

-P 

O 

10 

Sh 

ttj 

PQ 

o 

•p 

ON 

C\) 

ON 

0^ 

-3- 

ON 

x-i 

vO 

c 

o 

VTN 

OO 

UN 

CM 

oc 

r>i 

o 

vO 

C\) 

■p 

• 

• 

- 

- 

W 

W 

00 

CN) 

On 

CO 

00 

ON 

CO 

o 

rH 

Eh 

tH 

tH 

■H 

rH 

S 

M 

US 

6   GO 

e 

P  10 

O 

o 

O 

C 

o 

o 

o 

O 

O 

£   0) 

• 

. 

• 

• 

X 

•H   J-, 

NO 

00 

tH 

On 

0-N 

\TN 

0^ 

CM 

0-N 

w 

K-P 

CO 

T-! 

ON 

0"n 

nO 

O 

o"n 

On 

u^ 

ctico 

rH 

On) 

T-t 

0v! 

CM 

nO 

vn 

-CJ" 

no 

o 

S 

s 

&h 

w 

w 

CO 

1 

ex 

10 

-P 

J-5 

-p 

-P 

-p 

-P 

-p 

-p 

-P 

-p 

crt 

H 

fclD 

£ 

£ 

£ 

£ 

5 

£ 

^ 

£ 

>s 

>> 

>s 

>s 

>i 

>> 

>> 

>> 

!>} 

>s 

<-i 

,Q 

ro 

£> 

rO 

rD 

,o 

fi> 

rC 

P 

P 

0) 

-o 

^ 

^ 

^ 

^ 

^ 

\£, 

^ 

^ 

^ 

\& 

•H 

-3- 

■=* 

■3- 

^t 

-=r 

■3- 

■=fr 

-=f 

■3- 

•3" 

P«H 

o 

rH 


o 


o 


o 


o 


o 


5: 


\0        vO        NO        \C 


NO 


nO        n£)       \0        n£> 


NO 


0 


p< 

-* 

V\ 

NO 

c^- 

00 

rH 

cm 

C^N 

-3- 

vr> 

e 

V> 

v> 

vr\ 

XTN 

UN, 

NO 

NO 

NO 

NO 

NO 

cri 

CN) 

CN) 

c\> 

CM 

CM 

CM 

CM 

CNJ 

CN) 

CN) 

CD 

-kh- 


2 


P 

P 

>5 

O 

O 

X 

cd 

Cd 

•p 

o 

-P 

-P 

•P 

-p 

p 

Cm 

3 

ft 

3 

3 

2 

p 

p 

<m 

o 

0) 

O 

O 

o 

to 

•  H 

•H 

O 

X 

T3 

e 

TO 

TO 

T3 

P 

P 

-P 

CD 

-p 

0) 

P 

o 

0) 

cu 

■P 

a; 

0) 

Cd 

Jj 

2 

Al 

•H 

rH 

•H 

P 

r-l 

rH 

•H 

rH 

^ 

e 

o 

C 

O 

rH 

rH 

rH 

Cm 

rH 

r-H 

r-i 

rH 

o 

CD 

P 

ft 

3 

ft 

2 

3 

Ph 

3 

p. 

VC 

T3 
0) 

0) 

£> 

V) 

ft 

to 

T3 

ft 

ft 

CO 

ft 

ro 

rH 

iH 

p 

C 

p 

p 

i-i 

c 

C 

C 

P 

c 

iH 

rH 

p 

p 

p 

P 

rH 

p 

p 

P 

P 

p 

3 

3 

cd 

a 

cd 

cd 

3 

cd 

cd 

cd 

cd 

cd 

Oh 

CX, 

>H 

>i 

>H 

JH 

ft 

>H 

>H 

>H 

>H 

>-< 

>s 

X 

W 

00 

V-N, 

^n 

C^- 

o 

^ 

00 

vO 

VN 

O 

M 

P 

oo 

vD 

M0 

.3- 

o- 

*n 

^3- 

O- 

o\ 

O- 

c£ 

CD 

nC 

00 

o 

00 

o\ 

un 

\o 

^* 

C"N 

o 

Eh 

P 

cm 

T-l 

T"l 

o 

o 

tH 

T-l 

1-H 

T-* 

tH 

H 

• 

• 

♦ 

• 

• 

ft 

X, 

CM 

vr> 

un. 

^ 

vr, 

mo 

nO 

00 

^n 

O- 

o 

o 

' — - 

cd 

On 

vr> 

vO 

o\ 

0- 

ON 

o- 

•3- 

o- 

CO 

r-N 

vO 

S 

E- 

r-\ 

rH 

•=* 

tH 

tH 

T-l 

tH 

tH 

C\J 

CM 

c^ 

CM 

2 

E^ 

S 

M 

(X 

K 

a. 

o 

O 

o 

o 

o 

o 

o 

O 

c 

O 

o 

o 

X 

■e- 

o 

O 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

w 

Eh 

5= 

O 

x 

p 

P 

p 

p 

p 

p 

P 

P 

p 

p 

p 

p 

Ml 

•H 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

Ml 

P 

-p 

-p 

•p 

-p 

p> 

-p 

-p 

p 

-p 

-p 

-P 

■p 

£> 

-P 

P 

P 

P 

P 

P 

p 

P 

P 

P 

P 

P 

p 

ft 

cd 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

S 

s 

2 

S 

S 

SS 

S 

S 

s 

S 

S 

& 

S 

X3 

cd  x: 

TO"  -P 

70    faP 

-=J 

a>  p 

\ 

rO    CD 

rH 

EmI 

w 

.=}-     .-3-     .-^     ^ 


CO 

\ 


00        00 

\   \ 

C^        C°\ 


co      co 

\   \ 


cc> 
c°> 


CD 
rH 
Ph 

e 

cd 

m 


<M 


C^        ^J- 


vp\      v0 


CS- 


00 


O 


rH         CM 

T-l  T-l 


-bS- 


u 

a 

•p 

>> 

u 

>> 

>s 

>> 

X 

o 

X 

X 

X 

-P 

o 

£ 

o 

o 

o 

2 

ft 

>S 

ft 

>5 

>> 

ft 

ft 

O 

0) 

X 

C 

a> 

X 

X 

CD 

CD 

w 

o 

•H 

O 

o 

X 

T3 

e 

ft 

E 

ft 

ft 

E 

E 

u 

cd 

CD 

o 

CD 

Q) 

G) 

CD 

o 

CD 

CD 

O 

c 

cd 

iH 

^ 

t-1 

^ 

M 

r* 

u 

Sh 

rH 

E 

rH 

o 

CH 

o 

c 

o 

O 

<m 

C 

c 

Cm 

<+H 

CD 

^ 

*-( 

Sh 

•H 

U 

rH 

•  H 

•  H 

K 

ft 

rO 

T5 

rQ 

JO 

^J 

T3 

T3 

T3 

<D 

CD 

CD 

CD 

0) 

CD 

CD 

c 

C 

rH 

C 

M 

c 

c 

rH 

M 

M 

rH 

r—! 

rH 

J.) 

rH 

h 

O 

u 

Sh 

rH 

O 

o 

rH 

rH 

cti 

cd 

2 

cd 

U 

cd 

cd 

3 

S^ 

rH 

J3 

3 

>H 

>H 

ft 

>H 

m 

>^ 

>H 

ft 

ffi 

PQ 

ft 

ft 

>> 

X 

W> 

VA 

{>- 

o 

CM 

H 

rH 

CM 

CM 

-3- 

CM 

C£ 

CD 

cx) 

vtn 

-ct- 

IS- 

£H 

C 

o 

o 

o 

O 

M 

• 

• 

• 

• 

CM 


ft 


EH 

I 

M 

w 
ft 

X 

w 

Eh 

o 

rJ 
rH" 

ft 


X 
cd 


E^ 


ON 
-3" 


CM 


CM 


cm 


O 

CM 


VTN 


00 


o 


is- 


o 


CM 


-3- 


CM         CM 


CM 


X 

u 

rn 

$-1 

M 

f-l 

rH 

•H 

cd 

cd 

cd 

cd- 

cd 

cd 

U 

■P 

-P 

-p 

P 

■p 

•P 

-P 

*h 

Jh 

rH 

Jh 

rH 

rH 

cd 

o 

o 

o 

O 

O 

o 

CM 


cm 


-3- 
o 


CM 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

c 

o 

o 

o 

u 

rH 

rH 

rH 

u 

u 

cd 

cd 

cd 

cd 

cd 

cd 

■p 

-p 

•p 

-p 

-p 

■p 

u 

rH 

M 

u 

u 

rH 

o 

o 

o 

o 

O 

O 

T3 

cd  x: 
n  -p 

a:  C 

rQ    CD 

E^ 

Ed 


CM 


0J 


CM 


CM 


CM 

CM 

-rr 

^ 

^j- 

ct- 

^3- 

ct 

\ 

\ 

\ 

\ 

\ 

\ 

X 

\ 

T-< 

tH 

(A 

ca 

CA 

C^\ 

CA 

CM 

CD 
r-\ 
ft 

E 

cd 
w 


cm     ^fr 


vO 


CO 

ON 

O 

t-i 

CM 

CM 

tH 

tH 

CM 

CM 

CM 

CM 

CM 

-1*6- 


U 

cd 

-p 

f-. 

o 

£ 

u 

>> 

>i 

cd 

>a 

X 

c 

X 

p 

X 

CO 

o 

•H 

o 

p 

o 

,* 

ft 

ft 

o 

ft 

u 

0) 

0 

Q) 

CD 

6 

cd 

CD 

P 

CD 

CD 

CD 

CD 

cd 

>d 

X 

^ 

^ 

•H 

^! 

^ 

^ 

e 

C 

O 

C 

O 

C 

o 

O 

i — ! 

O 

G 

O 

O 

Q) 

•H 

^ 

•H 

u 

•H 

U 

fn 

Ph 

G 

•  H 

G 

u 

CC 

CD 

rQ 

0) 

& 

CD 

,Q 

,Q 

w 

£> 

CD 

rO 

fit 

^ 

c 

c 

M 

c 

G 

G 

G 

^ 

G 

c 

o 

^ 

o 

^ 

O 

k 

G 

G 

G 

Q 

£-< 

u 

5h 

cd 

p 

cd 

Jh 

cd 

cd 

cd 

cd 

G 

cd 

cd 

pq 

>^ 

PQ 

>H 

pq 

>H 

>H 

>H 

>H 

PQ 

>H 

>H 

I— I 

E- 


>> 

bD 
G 
CD 

g 


oo 
cn 

cm 


-3-  *n  ^ 

-3-  cn  th 

vr,  cn-  O- 

O  T-l  o 


<h  cn  in- 

-3"  O  On 

-3-  cn  \o 

o  o  o 


cn      o- 
*n       CO 

o      o 


h- 1 


Eh 
Z 
W 

s 

M 

w 

X 


X 

cd 


oo 


vH 


o 


cn 


o 

o 


CM 


o 


cn 


cn 


o 
cn 


cn 

MO 


cm 

CM 


CM 


cn 


CM 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

cn 

cn 

cn 

cn 

cn 

cn 

-3- 

O 


CM 


cn 
o 


CM 


o       o       o       o       o       o 

XD\        \T\        \T\        \T\        \T\        \r\ 


X 

u 

G 

g 

G 

G 

5m 

G 

G 

G 

G 

G 

Jh 

\A 

.H 

cd 

cd 

a 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

CD 

cd 

\A 

g 

P 

•P 

p 

P 

-p 

P 

p 

P1 

P 

p 

P 

p 

£3 

P 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

^ 

Jh 

CU 

cd 

o 

O 

O 

o 

o 

o 

o 

o 

O 

o 

O 

o 

S 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

ci 

S 

T3 

CD  £ 

X5  P 

CD  C 

rO  CD 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


.CM 


.CM 


CM 
\ 


CM 


CD 

H 

ft 

v^ 

MO 

CN- 

00 

o\ 

o 

tH 

CM 

cn 

-3- 

^n 

\o 

6 

CM 

CM 

CM 

CM 

CM 

cn 

cn 

cn 

cn 

cn 

cn 

cn 

cd 

w 

-hi- 


>> 

X 

O 

ft 

CD 

en 

X 

e 

Jh 

d) 

CD 

<u 

CD 

o 

0) 

a 

^ 

^ 

^ 

^ 

u 

K£ 

6 

o 

O 

o 

O 

<H 

o 

CD 

*h 

u 

Jh 

Sh 

^ 

PC 

rO 

£> 

& 

,a 

X5 
CD 

,Q 

c 

c 

c 

c 

rH 

fi 

Jh 

^ 

Jh 

$H 

i-H 

5h 

Cti 

cd 

ccj 

ctf 

2 

CO 

>H 

>-< 

>H 

>H 

Ph 

>H 

M 

E-i 


>i 

bi) 

v> 

C^i 

o 

(N- 

h 

CN- 

vr> 

u^ 

vO 

CD 

CM 

i-H 

•rH 

CM 

e 

o 

O 

o 

O 

w 

• 

• 

• 

• 

-3- 

CM 
O 


P-< 


E-i 


X 

cd 

v~\ 

vO 

vo 

00 

<\! 

CM 

S 

{>- 

cm 

-3- 

-3- 

vO 

-* 

X 
W 

Eh 

o 

HH- 

1-3 
!=> 
Ph 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

vO 

vO 

vo 

vO 

vO 

VO 

X 

U 

U 

u 

S-i 

u 

u 

•H 

Cd 

a 

a 

cd- 

cti 

cd 

s~> 

p 

p 

p 

p 

-p 

p 

HP 

Sh 

u 

$-, 

*h 

?H 

Jh 

cd 

o 

o 

o 

o 

o 

O 

a  x: 

T3  p 

T5   w 

CM 

cd  c 

\ 

,0    CD 

tH 

6h3 

[i1 


CM 


CM 


CM 


CM 


CM 


CD 

r-\ 

ft 

CN- 

00 

ON 

o 

i — ! 

CM 

e 

C> 

rv 

c^ 

_j- 

■3- 

-3" 

cti 

C/} 

-U8- 


p 
p 


o 

X 

E 

o 
Ph 

to 

P 

CD 

X 

•H 

P 

6 

a 

CD 

CD 

o 

CD 

CD 

-P 

CD 

P 

CD 

P 

■P 

P 

e 

Xi 

M 

P 

J^ 

^ 

•H 

i<\ 

•H 

,* 

•  H 

•H 

•  H 

CD 

O 

O 

cm 

c 

O 

rH 

O 

rH 

o 

rH 

rH 

rH 

oc 

p 

P 

u 

P 

Ph 

P 

Ph 

p 

Ph 

Ph 

Ph 

& 

rQ 

CD 
rH 

£> 

rC 

CO 

rQ 

to 

rO 

CO 

CO 

CO 

P 

p 

P 

P 

P 

p 

C 

r; 

P 

p 

p 

P 

p 

rH 

P 

P 

P 

5-1 

P 

p 

P 

p 

p 

ctJ 

a 

P 

cd 

Ctf 

cd 

cd 

cd 

cd 

cd 

cd 

cd 

>H 

>H 

P-H 

X 

>-• 

>h 

^H 

>H 

>H 

>H 

>H 

>H 

X 
M 


EH 
rH 

x 
w 

Eh 
P> 
O 

►H- 

KH 
P> 

Ph 


W) 

cm 

^}- 

p 

en 

»a 

0) 

VO 

-3- 

P 

o 

o 

W 

•&- 


*n      -ct        CN- 
O        O        O 


ON  -3-  VO  VA  r-l  ON 

VO  en  O  C\!  CV  CNi 

\o  vn  en  o-  cm  -cr 

o  o  o  o  o  o 


K 

w 

W 

PQ 

M 

. 

h 

X 

o 

vn 

CM 

O 

O- 

O 

VJ^ 

O 

CM 

XA 

CNJ 

00 

cd 

o 

vO 

•v-O 

-3" 

CN 

ON 

C^ 

On 

NO 

en 

NO 

en 

r-l 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

c 

o 

o 

o 

o 

o 

w 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

p 

P 

P. 

P 

P 

P 

P 

P. 

P 

P 

P 

p 

X 

CD 

CD 

0) 

CD 

CD 

CD 

CD 

CD 

CD 

CD 

CD 

CD 

•H 

,Q 

rQ 

rQ 

rQ 

rQ 

P 

rQ 

rQ 

rQ 

rQ 

rQ 

rQ 

p 

•H 

•  H 

•H 

•H 

•  M 

•  H 

•H 

•  H 

•H 

•H 

•H 

•  H 

p 

<+H 

<H 

Cm 

Cm 

<H 

Cm 

cm 

cm 

Cm 

cm 

cm 

cm 

cd 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

s 

£ 

£ 

>: 

£ 

£ 

5 

£ 

£ 

5 

5 

£ 

5 

s 

s 

2 

s 

s 

s 

s 

s 

s 

s 

S 

S 

T5 

CD  JC 
T3  P 

-d  fc>n 

CD    P 
rD    CD 

Em! 

w 


J-     -^     ^J-      -}-     ^J. 


co      co      cr>      oo      co      cd 
\    \     \    \    \     \ 

rN      fN      en      en      en      r>, 


CD 
rH 
Ph 

6 

cti 


CN] 


r>     -^r      vn     no 


CN-       CO 


o 


CM 


-U9- 


>> 

X 

o 

ft 

>> 

CD 

X 

to 

o 

M 

E 

ft 

U 

CD 

CD 

"F 

-P 

0) 

CD 

o 

CD 

CD 

CD 

CD 

CD 

a 

^ 

,* 

•  H 

•H 

X 

^ 

k 

x 

^ 

AcJ 

.* 

E 

O 

O 

rH 

iH 

o 

O 

ft 

c 

o 

o 

O 

o 

CD 

u 

Sh 

ft 

ft 

^ 

u 

•H 

$-1 

$H 

U 

Jh 

K 

rO 

rQ 

CO 

to 

£) 

£> 

T3 
CD 

CD 

rQ 

& 

P 

rO 

c 

c 

c 

C 

C 

G 

rH 

J* 

C 

c 

c 

c 

Jh 

5h 

J-t 

k 

U 

£• 

rH 

O 

U 

^ 

5h 

rH 

Cd 

cd 

cd 

cd 

cd 

cd 

P 

5h 

cd 

a 

CtJ 

cd 

>H 

>H 

>H 

>H 

>H 

>H 

PL, 

pq 

>H 

>H 

>H 

>< 

X 
M 

PC 
Eh 


>> 

w 

ON 

00 

O 

cm 

4t 

rH 

r\ 

o- 

rH 

mD 

^J- 

rN 

CD 

cm 

cm 

CM 

VN, 

CM 

r> 

g 

o 

o 

o 

o 

O 

o 

w 

ON 

co 

o- 

vO 

o- 

.=)• 

T— ' 

VT\ 

c^ 

CN 

■3" 

-}- 

o 

o 

o 

o 

PC 


PP 

M 

• 

ft 

X 

rH 

V/N. 

00 

CC 

oc 

00 

00 

r-H 

rH 

o 

o 

c^ 

cd 

vn 

-3- 

tN- 

O- 

£>- 

O 

On 

WN 

o~ 

o 

o 

rH 

S 

Eh 

rH 

cm 

rH 

•cH 

rH 

rH 

rH 

CM 

CM 

CM 

CM 

CM 

E-i 

S 

M 

ft 

&J 

o 

o 

O 

o 

o 

O 

O 

O 

o 

o 

o 

o 

ft 

-e- 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

>< 

^4 

E- 

13 

to 

to 

to 

to 

to 

to 

to 

to 

to- 

to 

to 

to 

O 

u 

r-l 

u 

rH 

u 

U 

u 

u 

u 

u 

^ 

u 

X 

CD 

CD 

CD 

CD 

Q) 

CD 

CO 

CD 

Q) 

CD 

CD 

CD 

ft 

•H 

rO 

& 

P 

rO- 

,Q 

& 

rO 

P 

rO 

rC 

& 

rC 

ft 

u 

•H 

•H 

•H 

•H 

•H 

•  H 

•H 

•H 

•H 

•  H 

•r-f 

•  H 

► . 

1 ' 

-F 

ft 

ft 

ft 

Jh 

Ch 

CH 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

cd 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

S 

£ 

£ 

•-> 

£ 

^ 

5 

^ 

5 

^ 

^ 

£ 

^ 

s 

s 

£ 

s 

§ 

S 

H 

g; 

s 

£ 

2 

T3 

CD  X 

T3  -P 

X5   hO 

CM 

CM 

CM 

CM 

CM 

CM 

-^ 

-rr 

-^ 

-3- 

-4- 

cj- 

CD    C 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

,Q    CD 

tH 

rH 

rH 

rH 

rH 

rH 

0^ 

0^ 

rN 

0^ 

rN 

rN 

eft 

CD 
r-\ 

ft 

6 

cd 

CO 


c^      ^t 


vr> 

NO 

£N- 

00 

ON 

O 

T-f 

CM 

C-N 

^i- 

rH 

rH 

T-f 

T-< 

rH 

CM 

CM 

CM 

CM 

CM 

-50- 


>> 

>> 

X 

X 

o 

o 

Pn 

ft 

CD 

CD 

CO 

X 

6 

e 

u 

Q) 

<u 

o 

CD 

o 

a> 

a 

^ 

^ 

^ 

^< 

p 

^ 

6 

O 

o 

cm 

O 

CH 

o 

a> 

U 

^ 

Jh 

p 

PC 

£> 

& 

t3 

,0 

T3 

P 

C 

c 

rH 

C 

H 

C 

k 

J--: 

rH 

P 

rH 

P 

cd 

cd 

•"N 

cti 

J3 

Ctf 

>H 


>h     a. 


>H 


a. 


>h 


E-i 


>> 

tiO 

vO 

oo 

p 

CM 

co 

Q) 

\D 

v-l 

c 

O 

o 

co 

CVi 
ON 
O 


cn 

CM 
O 


PC, 
PQ 


cd 
§ 

EH 


co 

CM 


rH 
NO 


CM 
CN 


CM 
On 


rH 


o 


T-l 


O 

CO 


rH 

PC 

s 

Cd 
EH 
O 

rH1 

Ml 

Oh 


-e- 


x 

•H 
P 
-P 

5? 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o~\ 

co 

oo 

co 

co 

a~\ 

to  w  to  in  to  to 

P  p  p  p  p  p 

a>  a>  <r>  Q)  cd  a) 

,o  ,c  ,o  ,o  ro  ,o 

■H  «H  .H  »ri  .H  »H 


T3 

<d  s: 

T3  +-> 

T3   bO 

CM 

CM 

a>  C 

\ 

\ 

£>    0) 

rH 

rH 

Eh} 

Cd 

CM 


•Si 

rH 


CD 


Ph 

vtn, 

NO 

O- 

CO 

On 

O 

E 

CM 

CM 

CM 

CM 

CM 

CO 

Ctj 

W 

-51- 


APPENDIX  G 
GRAPHICAL  PRESENTATION  OF  TEST  RESULTS 

Figure  1  Influence  of  Water-Cement  Ratio  on  Tensile  Strength 

Figure  2  Influence  of  Sand-Cement  Ratio  on  Tensile  Strength 

Figure  3  Influence  of  Maximum  grain  size  on  Tensile  Strength 

Figure  h  Influence  of  Fiber  Content  on  Tensile  Strength 

Figure  5  Typical  Load  Vs.  Elongation  Curves 

Figure  6  Influence  of  Relative  Fiber  Orientation  on  Tensile  Strength 

Figure  7  Influence  of  Relative  Fiber  Orientation  on  Energy  Absorbed 

Figure  8  Influence  of  Embedded  Length  on  Tensile  Strength 

Figure  9  Influence  of  Yarn  Orientation  on  Tensile  Strength 

Figure  10  Influence  of  Embedded  Length  on  Energy  Absorbed 

Figure  11  Typical  Load  Vs.  Displacement  Curves  (Plain  Matrix) 

Figure  12  Typical  Load  Vs.  Displacement  Curves  (Fiber  Matrix) 
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FIG.  1   INFLUENCE  OF  WATER  CEMENT  RATIO  ON  TENSILE 
STRENGTH 
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FIG.  2   INFLUENCE  OF  SAND  CEMENT  RATIO  ON  TENSILE 
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FIG.  3   INFLUENCE  OF  MAXIMUM  GRAIN  SIZE  ON  TENSILE 
STRENGTH 
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FIG.  6   INFLUENCE  OF  RELATIVE  FIBER  ORIENTATION 
ON  TENSILE  STRENGTH 
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FIG.  7   INFLUENCE  OF  RELATIVE  FIBER  ORIENTATION 
ON  ENERGY  ABSORBED 
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APPENDIX  D 
CALCULATED  DATA 

Theoretical  Yarn  Cross-Sectional  Area 
Water  Absorption  Capacity 
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APPENDIX  D 
CALCULATED  DATA 


Theoretical  Yarn  Cross-Sectional  Area 

Weight  of  sample  (1000  one-inch-long  yarns): 
Weight  of  sample  after  heating  (10G0°Fj  2-§  hrs): 
Change  in  weight  (weight  of  coatings): 

Weight  of  coatings  (per  cent  of  weight  of  glass): 

Weight  of  glass  =  Volume  of  glass  x  density  of  glass 

o 
Volume  =  (length)  C*/a)  (diameter)   (1000  yarns) 

Density  of  glass  =  (2.5h)  gm/cc 

Length  -  1  inch 

Weight  =  1.7705  grams 


1.8079  grams 
1.7705  grams 
0.037U  grams 

2.07$ 


In  compatible  units,  solving  for  diameter: 

Calculated  equivalent  yarn  diameter: 
Calculated  yarn  cross-sectional  area: 

For  yarn  of  20I4.  fibers   (assumed): 

Calculated  fiber  cross-sectional  area: 
Calculated  fiber  diameter: 

Calculated  surface  area  of  ^--inch  length  of 

equivalent  yarn: 
Calculated  surface  area  of  5— inch  length  of 

20i|  individual  fibers: 
Surface  area  of  fibers/surface  area  of  yarns: 

B.  Water  Absorption  Capacity 

Weight  of  glass  yarn  sample: 

Sample  soaked  in  water  20  minutes 

Sample  towel-dried 
Weight  of  towel-dried  sample: 

Sample  oven-dried  (2  hrs  at  110  F) 
Weight  of  oven-dried  sample: 
Weight  of  retained  water: 
Calculated  absorption  capacity  of  glass  yarns 

(per  cent  of  weight  of  glass) 


0.0117  inches 
1.081  x  10"^  so  in 


5.31  x  10 '"J   sq  in 
8.22  x  10_[i  sq  in 


0.0181*  sq  in 

0.2oU  sq  in 
approx.  15 


1.6758  grams 

2.0270  grams 

1.6706  grams 
0.3512  grams 

21$ 
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